The importance of NAC (named as NAM, ATAF1, 2, and CUC2) proteins in plant development, transcription regulation and regulatory pathways involving proteinprotein interactions has been increasingly recognized. We report here the high resolution crystal structure of SNAC1 (stress-responsive NAC) NAC domain at 2.5 Å. Although the structure of the SNAC1 NAC domain shares a structural similarity with the reported structure of the ANAC NAC1 domain, some key features, especially relating to two loop regions which potentially take the responsibility for DNA-binding, distinguish the SNAC1 NAC domain from other reported NAC structures. Moreover, the dimerization of the SNAC1 NAC domain is demonstrated by both soluble and crystalline conditions, suggesting this dimeric state should be conserved in this type of NAC family. Additionally, we discuss the possible NAC-DNA binding model according to the structure and reported biological evidences.
INTRODUCTION
Transcription factors are important components in transcriptional regulation and are involved in virtually every aspect of biologic activities in eukaryotes. More than 50 known transcription families have been revealed through computational analysis of the genome of Arabidopsis and rice (Riechmann et al., 2000; Xiong et al., 2005) .
NAC (named as NAM, ATAF1, 2, and CUC2) transcription factors, which are unique to plants, constitute one of the largest plant transcription factor families, of which 105, 138 and 163 putative NAC members have been identified in Arabidopsis, rice and Populus genomes respectively (Ooka et al., 2003; Fang et al., 2008; Hu et al., 2010) . Among the three members, after which this family is named, NAM (No Apical Meristem) from petunia is important for shoot apical meristem formation (Souer et al., 1996) , CUC2 (cup-shaped cotyledon) is involved in controlling the formation of boundary cells of the meristem (Aida et al., 1997) , and ATAF1, 2 show dual function in biotic and abiotic stress responses (Collinge and Boller, 2001; Delessert et al., 2005; Jensen et al., 2007; Lu et al., 2007; Jensen et al., 2008; Wang et al., 2009; Wu et al., 2009) .
With the large number of family members in plant genomes, function redundancy is inevitable for NAC proteins. Besides NAM, CUC1 and CUC2, CUC3, NAP (Sablowski and Meyerowitz, 1998) and CUP (Weir et al., 2004 ) from snapdragon also participate in the establishment of organ boundary and participates in the formation of shoot meristem. Participation of NAC proteins in other developmental processes has also been reported. NAC1 was found to act downstream of TIR1 and activate the expression of two auxinresponsive genes DBP and AIR3, therefore promoting lateral root development (Xie et al., 2000) . VND6 and VND7 are involved in xylem formation (Kubo et al., 2005; Demura and Fukuda, 2007; Du and Groover, 2010) , while ANAC012 functions in xylary fiber development (Ko et al., 2007) . Several NAC members including SND1, NST1 and NST3 were found to regulate secondary wall synthesis (Zhong et al., 2006; Mitsuda et al., 2007; Zhong et al., 2007a, b; McCarthy et al., 2009) . Notably, a few members have been reported to participate in multiple processes, which might be a general rule for most NAC proteins. For example, a member from wheat regulates senescence and at the same time controls grain size, zinc and ion content (Uauy et al., 2006 ) and a membrane-associated NAC protein from Arabidopsis regulates cell division as well as salt-responsive flowering (Kim et al., 2006; Kim et al., 2007) . In addition to ATAF1, 2, a number of NAC proteins were shown to play roles in biotic and abiotic responses. OsNAC6, an ATAF homolog in rice, is rapidly and strongly induced by cold, salt, drought, abscisic acid, jasmonic acid and wounding, indicating its role in both biotic and abiotic responses (Ohnishi et al., 2005; Nakashima et al., 2007) . Recently, OsNAC5, like OsNAC6, was characterized as a transcriptional activator that enhances stress tolerance by upregulating the expression of stress-inducible rice genes (Sperotto et al., 2009; Takasaki et al., 2010) . Using mRNA differential display, StNAC, an ATAF homolog in potato, was found to be induced early after wounding (Collinge and Boller, 2001 ). ANAC019, ANAC055, and ANAC072, which also belong to ATAF subfamily, show enhanced drought tolerance when overexpressed (Tran et al., 2004) . There are eight NAC genes that have been found to be differentially regulated in Brassica napus leaves subjected to mechanical wounding, flea beetle feeding or cold temperatures (Hegedus et al., 2003) . Most strikingly, overexpression of stress responsive gene SNAC1 (STRESS-RESPONSIVE NAC 1) from rice significantly enhances drought resistance while showing no phenotypic changes or yield penalty and shows great promise for genetic improvement of stress tolerance in rice (Hu et al., 2006) .
Although NAC family transcription factors play key roles in plant, limited knowledge of their detailed structures or DNA binding mechanism is known and only one crystal structure of NAC family protein has been previously reported (Ernst et al., 2004) . To gain a better understanding of the structural details of NAC family transcription factors, here we describe the crystal structure of the SNAC1 NAC domain and show that the overall architecture adopts a conserved NAC family fold. Key features, however, distinguish the SNAC1 NAC domain from reported ANAC structures, including two loop regions which could be crucial for DNA binding. To gain better insight into the DNA binding of SNAC1 NAC domain, we propose a model of SNAC1 NAC domain in complex with the 35S promoter that reveals biochemically well-defined sites that help to account for strict substrate-recognition motifs.
RESULTS AND DISCUSSION

Monomer folding of SNAC1 NAC domain
The crystal structure of the conserved NAC domain of stressresponsive NAC1 (SNAC1) (residues Met1-Lys174) was determined by the molecular replacement (MR) method using the crystal structure of the NAC domain of ANAC (PDB code: 1UT4) (Ernst et al., 2004) as the initial searching model. The final structure was refined to 2.5 Å resolution with a final R work value of 23.1% (R free = 26.7%). The crystal belongs to the space group P4 1 2 1 2, and there is one molecule in an asymmetric unit with a Matthews coefficient of 2.6 Å 3 /Da (corresponding to 43% solvent content) (Matthews, 1968) .
The SNAC1 NAC domain monomer consists of a central semi-β-barrel formed by seven twisted anti-parallel β-strands with three α-helices on one side and the open side respectively (Fig. 1A) . The remaining part of the structure primarily consists of loop regions with several parts. Loop regions Gly144-Gly149 and Lys180-Asn183 were not observed due to lack of electron density, suggesting their high flexibility and indicating their conformation is highly flexible. Notably, one of those loop regions, e.g. Gly144-Gly149, has the most distinctive difference between the SNAC1 NAC domain and ANAC NAC domain ( Fig. 2A) . As SNAC1 NAC has a longer amino acid sequence in this region, we speculate that this region could be crucial for the biologic role of the SNAC1 NAC domain, which might be different from the ANAC NAC domain. Nonetheless, according to the high amino acid sequence similarity (60%) with ANAC, the central part of the SNAC1 NAC domain unexpectedly shares a high topological similarity with the structure of ANAC (PDB code: 1UT4) (Ernst et al., 2004) as well. However, distinct structural differences are observed between these two structures. First, the N-terminal extended residues in the structure of ANAC NAC domain are involved in contacts with symmetric molecule and thus have relative good agreement (Ernst et al., 2004) . In contrast, although there are several residues that remain in the N-terminus of the SNAC1 NAC domain caused by the expression vector, all of these residues are totally unobserved in the crystal structure of SNAC1 NAC domain suggesting a high flexibility. Second, although the residues of the loop regions between β1-β2 and β6-β7 in both SNAC1 and ANAC NAC domains are missing due to lack of electron density and the number of unobserved residues in the ANAC NAC domain is obviously more than that of SNAC1 NAC domain. As the two regions do not participate in crystal packing in both structures, it reveals that the flexibility and conformation of these two regions could be different. Considering the amino acid sequence disalignment of these regions, we would like to propose that this difference could be related to their different biologic functions. Although there are several other differences that could be observed in the crystal structure of SNAC1 and the ANAC NAC domains, the slight differences could be caused by the difference in the amino acid sequences and seems not to be related to their biologic function.
Dimeric assembly of SNAC1 NAC domain
Although there is only one molecule of SNAC1 NAC domain in each asymmetric unit in this crystal form, the results of gel filtration and analytical ultracentrifugation show that the SNAC1 NAC domain exists as a dimer in solution. Subsequently, the results of ethylene glycol disuccinate di(Nsuccinimidyl) ester (EGS) cross-linking confirmed this observation and demonstrated that such a dimeric architecture does not dissociate, even at very high salt concentrations (5 M NaCl). These results indicate that the dimeric form should form the functional unit of the SNAC1 NAC domain, which is consistent with the previously reported results on the ANAC NAC domain (Ernst et al., 2004) and our knowledge that the dimerization of DNA binding domains is common and can function in modulating the DNA binding specificity (Müller, 2001 ). In the crystal structure, two molecules of the SNAC1 NAC domain, which are related by a crystallographic twofold axis, form a butterfly shaped homodimer (Fig. 1B) . According to the space group of P4 1 2 1 2, two types of homodimers could be generated via two vertical crystallographic twofold axises. Although Form II homodimer has a similar contact surface (over 700 Å 2 ) and interactions between two molecules in one dimer, Form I homodimer, which provides about 810 Å 2 of intra-dimer interface, may have a higher possibility to be characterized as the functional homodimer, which is indicated by relevant research on the ANAC NAC domain (Ernst et al., 2004) .
The interface between the two monomers primarily consists of residues in the long loop region formed by Nterminal residues and another two residues in the α1 helix. These residues include Leu14 to Thr23, Glu26 and Tyr31, together with their counterparts in the second monomer (Fig. 1B) , and form a short anti-parallel β-sheet at the dimer interface similar to the ANAC NAC domain. Arg68, which is located in the β1 strand, has additional hydrogen bonds with His21 and Thr23 in the other monomer for inter-monomer interaction. Because of the high sequence similarity in this interface of SNAC1 and the ANAC NAC domain, two prominent salt bridges formed by the conserved Arg19 and Glu26 could also be observed in the structure of SNAC1 NAC domain. Although the accessible surface of interface is 812 Å 2 (10% of total) for each monomer, the strong dimerization in solution indicates that the interaction between two monomers via hydrophobic ineraction, hydrogen bond, salt bridge and van de Waals interaction (Table 1) should be very strong and suggests that the homodimer should be stable when the SNAC1 NAC domain exists in solution. However, and also suggested by the previously reported structure of ANAC NAC domain, more biologic evidence is needed to ascertain whether this crystallography related dimer has biologic relevance or not.
A possible mechanism for DNA binding NAC transcription factors are related to a variety of plantspecific reactions, such as development of plant-specific organs, responses to plant hormones (Ernst et al., 2004) , and responses to drought and high salinity stresses (Hu et al., 2006) . Although there is still a lack of sufficient structural data to firmly establish precise understanding of the SNAC1 NAC domain binding with DNA, previously reported biochemical and crystallographic results allow us to build a possible model for SNAC1 NAC domain binding with DNA. NAC transcription factors belong to the second largest family of the plant-specific transcription factors together with NAM, ATAF1,2, and CUC2 (cup-shaped cotyledon), sharing a conserved DNA binding domain of~150 amino acids in length named as the NAC domain (Hu et al., 2006) . WRKY proteins comprise another transcription factor family, which are essential in pathogen and salicylic acid responses of higher plants (Yamasaki et al., 2005) . WRKY proteins share a highly conserved DNA binding domain known as the WRKY domain, which consists of a CX 4-5 CX 22-23 HXH zinc binding motif and a conserved WRKYGQK sequence (Yamasaki et al., 2005) . The structure of the C-terminal WRKY domain of the Arabidopsis thaliana WRKY4 protein consists of a central four-stranded β-sheet, with a zinc binding pocket formed by conserved Cys/His residues located at one end of the β-sheet. Further biochemical results suggest that this zinc finger should be responsible for WRKY DNA binding, through which the zinc finger and the conserved WRKYGQK motif enters the DNA groove and forms contacts with the DNA bases (Yamasaki et al., 2005) . The result of Secondary Structure Matching (Krissinel and Henrick, 2004) indicates that the central four strands of the SNAC1 NAC domain shares a high structural similarity with the four-stranded β-sheet of WRKY domain. However, no zinc finger in the SNAC1 NAC domain is observed, which is consistent with atomic absorption spectroscopy and the reported structure of ANAC. Moreover, WRKY proteins will function in monomeric form according to current knowledge. All these results suggest that the SNAC1 NAC domain should have a distinct DNA binding mode with WRKY, though they share a high structural similarity in regards to their central structure.
Duval and colleagues first identified the DNA binding domain of AtANM between Val119 and Ser183 (AtANM numbering) in the central four stranded β-sheet by using yeast one hybrid assay (Duval et al., 2002) . Except for the loop region between Ala141-Arg156 (SNAC1 NAC domain numbering), the high sequence similarity between AtANM, ANAC and SNAC1 NAC domain indicates a structural similarity among them. Therefore, it is conceivable that the central β-sheet of the SNAC1 NAC domain will play a key role in DNA binding (Fig. 3A) . In a contrast, mutagenesis studies of ANAC showed that two areas of the ANAC NAC domain, which contain the positively charged residues Lys123 and Lys126 (ANAC) positioned between β4 and 5 on a turn protruding from the surface of the domain in addition to Lys79 and Arg85 (ANAC) positioned in a loop between β1 and β2, as well as Arg88, the first residue in β2, take the responsibility of ANAC DNA binding. While K123A/K126A mutants did not impair the DNA binding of ANAC, both K79A/R85A/R88A triple mutants and R85A/R88A double mutants abolished the DNA binding (Olsen et al., 2005) . As size-exclusion chromatography showed proper folding of all these mutant domains, Arg85, Arg88 or both are therefore biochemically important for binding. Although Arg85/Arg88 was missing in the structure of the ANAC NAC domain, the unambiguous electron density allows us to build them properly in the structure of SNAC1 NAC domain (Fig. 4) . The side chain of Arg85 is exposed to the solution and thus may indicate that the side chain of Arg85 will be involved in DNA binding. However, the side chain of Arg88 is buried in a pocket, which is mainly formed by Asp77, Lys115, Glu136 and main chain atoms of Ser84-Pro86, and thus well stabilized by a hydrogen bond network. Therefore, the side chain of Arg88 is not likely to be directly involved in DNA biding and we would like to propose that Arg88 takes the major responsibility to stabilize the loop region and thus affect the DNA binding of the SNAC1 NAC domain. However, although both of the reported biochemical results present clues for understanding the DNA binding of the SNAC1 NAC domain, inconsistencies between the reported results indicate that further experimental structural information is necessary to provide a precise model of NAC domain binding to DNA substrate.
CONCLUSIONS
SNAC1 (Stress-Responsive NAC 1) from rice belongs to the NAC protein family, which is crucial for plant development, transcription regulation and regulatory pathways involving protein-protein interactions. Furthermore NAC proteins significantly enhance drought resistance while showing no phenotypic changes or yield penalty. In this report, we report the crystal structure of the SNAC1 NAC domain. The structure of the SNAC1 NAC domain shares a similarity with a transcription factor fold identified by ANAC NAC domain, and consists of a central semi-β-barrel formed by seven twisted anti-parallel β-strands with three α-helices on one side and the open side respectively. The structure also suggests that this domain mediates dimerization of the NAC proteins through conserved interactions and indicates that the dimerization should be conserved in NAC family. Moreover, stabilization of the loop region between β1 and 2 by Arg88 is hypothesized to be responsibile for DNA binding.
MATERIALS AND METHODS
Protein expression, purification and characterization
The NAC domain of the SNAC1 protein coding sequence was amplified and inserted into the pET-28a plasmid (GE Healthcare) with 6 × His tag at the N terminus using NdeI and XhoI sites (shown in bold). The forward and reverse PCR primers used for amplification were: forward (5′-CATATGGGGATGAGGAGGGAGAGAGG-3′) and reverse (5′-CTCGAGTCACTTCTCCCACTCGTTCTTCTTGTTG-3′). The plasmid was transformed into E. coli strain BL21 (DE3), and cells were cultured at 310 K in LB media containing 100 mg/L ampicillin. After the OD 600 reached 0.6, the culture was cooled to 289 K and supplemented with 0.5 mM IPTG. After an overnight induction, the cells were harvested by centrifugation at 5000 rotation/ min (10 min, 277 K). The cell pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% glycerol) and disrupted by high pressure. The cell debris was removed by centrifugation at 12,000 rotation/min (30 min, 277 K). The His-tagged target protein was purified by Ni-NTA affinity chromatography and eluted by lysis buffer with an additional 250 mM imidazole. The eluted protein was further purified by gel filtration with buffer containing 25 mM HEPES pH 7.5 and 150 mM NaCl. The target protein was examined to have a purity over 95% by SDS-PAGE and concentrated to 20 mg/mL before storage at −80°C.
Crystallization
Crystallization was performed at 290 K by the hanging-drop vapor diffusion technique. Crystals were obtained by mixing 1 µL of protein solution with an equal volume of reservoir solution. The initial crystals appeared after three months with ammonium sulfate as the precipitation reagent. The rod shaped crystals with good diffraction quality grew to a final size of 100 µm × 100 µm × 200 µm in the optimized crystallization buffer containing 0.1 M HEPES pH 7.5 and 1.5 M ammonium sulfate. The crystals were then soaked in a cryoprotectant solution consisting of the reservoir solution and 20% (v/v) glycol and then flash-frozen in liquid nitrogen for X-ray diffraction data collection. The crystals belong to space group P4 1 2 1 2, with cell parameters α = b = 45.9 Å, c = 176.5 Å, α = β = γ = 90°.
X-ray data collection, processing and structure determination
The crystal of the NAC domain of SNAC1 diffracted to 2.5 Å resolution at 100 K in BL17A (Photon Facoty, Japan) with an ADSC Q315 CCD detector at the wavelength of 1.0000 Å. Data were processed, integrated, and scaled using the HKL2000 package (Otwinowski and Minor, 1997) . The crystals belong to the P4 1 2 1 2 space group with unit cell parameters of α = b = 45.9 Å, c = 176.5 Å, α = β = γ = 90°. There is only one molecule per asymmetric unit with a Matthews coefficient of 2.6 Å 3 /Da, corresponding to 43% solvent content (Collaborative Computational Project, 1994) . The PHASER program (McCoy et al., 2007) was used to find the correct solution through the molecular replacement method by using the crystal structure of NAC domain of ANAC (PDB code: 1UT4) (Ernst et al., 2004) as the initial searching model. Clear solution with a high rotation Z-socre (7.4) and translation Z-score (10.3) indicates a correct searching solution. Manual model building and refinement were performed with COOT (Emsley and Cowtan, 2004) and PHENIX (Adams et al., 2002) . During the later stages of positional refinement, restraints were relaxed, and a bulk solvent correction was applied under the guidance of R free . Model geometry was verified using the program PROCHECK (Laskowski et al., 1993) . Solvent molecules were located from stereochemically reasonable peaks in the σA-weighted Fo-Fc difference electron density map. Final refinement statistics are summarized in Table 2 . Structural figures were drawn with the program PyMOL (DeLano, 2002). 
